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The magnetization as a function of magnetic field showed hysteretic behavior at room temper-
ature. According to the temperature dependence of the magnetization, the Curie temperature
(TC) is higher than 350 K. Ferromagnetic Mn-doped tin oxide thin films exhibited low electrical
resistivity and high optical transmittance in the visible region (400-800 nm). The coexistence of
ferromagnetism, high visible transparency and high electrical conductivity in the Mn-doped SnO2
films is expected to be a desirable trait for spintronics devices.
I. INTRODUCTION
Tin oxide is an attractive material for solar cells and
gas sensing applications due to its high optical trans-
parency (above 80% in the visible range of the elec-
tromagnetic spectra) and electrical conductivity (carrier
concentration of the order of 1020 cm−3) [1-4]. Re-
cently there is an increased interest to introduce mag-
netic functionality in tin oxide semiconductors due to
their promising applications in spintronics [5-14]. The
tin oxide semiconductor can be made ferromagnetic by
doping with transition-metal (TM) ions. The first report
of high Curie temperature ferromagnetism in tin oxide
thin films was by Ogale et. al. [15], who reported a
Curie temperature Tc = 650 K in pulsed laser deposited
rutile (Sn1−xCox)O2 thin films with x = 5-27%, and an
amazingly giant magnetic moment of (7.5±0.5)µB per
Co ion. High Curie temperature ferromagnetism was lat-
terly reported for (Sn1−xNix)O2 with x = 5% [16, 17],
(Sn1−xVx)O2 with x = 7% [18], (Sn1−xCrx)O2 with x
= 5% [19], and (Sn1−xFex)O2 with x = 14% [20] & x
= 0.5-5% [21]. Gopinadhan et. al. [22] investigated
(Sn1−xMnx)O2 (with x = 10%) thin films deposited
by spray pyrolysis method and found ferromagnetic be-
havior above room temperature with low magnetic mo-
ment of 0.18±0.04 µB per Mn ion. Fitzgerald et. al.
[23] studied 5% Mn-doped SnO2 bulk ceramic samples
and reported a Curie temperature of Tc = 340K with
magnetic moment of 0.11 µB per ordered Mn ion. On
the contrary, Duan et. al. [24] reported an antiferro-
magnetic superexchange interaction in Mn-doped SnO2
nanocrystalline powders and Kimura et. al. [25] ob-
served paramagnetic behavior of Mn-doped SnO2 thin
films. Apart from this some other experiments were also
carried out by various research groups on SnO2 based
dilute magnetic semiconductors (DMS) and reported in-
teresting results regarding the absence or presence of fer-
romagnetism [26-50]. DMS based on SnO2 could be
useful for a variety of applications requiring combined
optical and magnetic functionality [51]. Several devices
such as spin transistors, spin light-emitting diodes, very
high-density nonvolatile semiconductor memory, and op-
tical emitters with polarized output have been proposed
using Sn1−x(TM)xO2 materials [52-55]. To investigate
whether Mn is able to introduce thermodynamically sta-
ble high Curie temperature ferromagnetism in a SnO2
semiconductor, Sn1−xMnxO2 (x = 0.000, 0.025, 0.050,
0.075, 0.100, 0.125, 0.150) thin films and Sn1−xMnxO2
(x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) bulk samples have
been carefully prepared and characterized.
II. EXPERIMENTAL DETAILS
Thin films of Sn1−xMnxO2 with molar ratios of
x = [Mn]/([Sn]+[Mn]) = 0.000, 0.025, 0.050, 0.075,
0.100, 0.125 and 0.150 were prepared by spray pyrolyz-
ing a mixture of aqueous solutions of SnCl4.2H2O and
(CH3COO)2Mn.4H2O on glass substrates at 450
oC. An
amount of 11.281 gm of SnCl4.2H2O (Sigma Aldrich pu-
rity > 99.99%) was dissolved in 5 ml of concentrated
hydrochloric acid by heating at 90oC for 15 mins. The
addition of hydrochloric acid rendered the solution trans-
parent, mostly, due to the breakdown of the intermedi-
ate polymer molecules. The transparent solution subse-
quently diluted with ethyl alcohol formed the precursor.
To achieve Mn doping, (CH3COO)2Mn.4H2O was dis-
solved in ethyl alcohol and added to the precursor solu-
tion. The amount of (CH3COO)2Mn.4H2O to be added
depends on the desired doping concentration. The dop-
ing concentration was varied from 0 to 15 at.%. The
overall amount of spray solution in each case was made
together 50 ml. The repeated experiments of each depo-
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2sition showed that the films could be reproduced easily.
Pyrex glass slides (10 mm × 10 mm), cleaned with or-
ganic solvents, were used as substrates for various studies.
During deposition, the solution flow rate was maintained
at 0.2 ml/min by the nebulizer (particle size 0.5-10 µm).
The distance between the spray nozzle and the substrate
as well as the spray time was maintained at 3.0 cm and
15 min, respectively.
Bulk samples with nominal composition Sn1−xMnxO2
(where x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) were syn-
thesised by standard solid state reaction method. In
the present investigation the bulk SnO2 was synthe-
sized by oxidizing the fine powder (50 mesh) of metal-
lic tin (Sigma Aldrich purity > 99.99%) at 700oC for
8 hrs in programmable temperature controlled SiC fur-
nance. The appropriate ratio of the constituent oxides
i.e. SnO2 (as-synthesized) and MnO2 (Sigma Aldrich
purity > 99.99%) were throughly mixed and ground for
several hours (4 to 6 hrs) with the help of mortar and pes-
tle. After regrinding and mixing, the powder was kept
in a alumina crucible and calcined at 750oC. After cal-
cination the material was again ground to subdivide any
aggregated products and to further enhance chemical ho-
mogeneity. These steps were repeated 3 to 4 times for
better homogeneity and phase purity. The homogeneous
powder thus formed was converetd into form of pellets
before sintering. For this we employed the most widely
used technique i.e. dry pressing, which consists of fill-
ing a die with powder and pressing at 400 kg/cm2 into
a compacted disc shape. In this way several cylindrical
pellets of 2 mm thickness and 10 mm in diameter were
prepared. Finally these pellets were put into alumina
crucibles and sintered at about 1200oC in air for 16 hrs.
The heating rate to the sintering temperature was about
100oC/hour.
The gross structure and phase purity of thin films and
bulk samples were examined by x-ray diffraction (XRD)
technique using Bruker AXS (Model D8 Advanced, Ger-
many) and Rigaku (Ultima IV, Japan) X-ray diffractome-
ters. All the diffraction patterns were collected under a
slow scan with a 0.01o step size and a counting velocity of
0.5o per minute. The experimental peak positions were
compared with the data from the database Joint Com-
mittee on Powder Diffraction Standards (JCPDS) and
Miller indices were assigned to these peaks. Hall mea-
surements were conducted at room temperature to esti-
mate the donor concentration (n), film resistivity (ρ) and
carrier mobility (µ) by using the van der Pauw geometry
employing Keithley’s Hall effect card and switching the
main frame system. A specially designed Hall probe on
a printed circuit board (PCB) was used to fix the sample
to the size 10 × 10 mm2. Silver paste was employed at
the four contacts. The electrical resistivity and the sheet
resistance of the samples were also determined using the
four-point probe method with spring-loaded and equally
spaced pins. The probe was connected to a Keithley volt-
meter (2182A) & constant-current source (2400) system
and direct current and voltage were measured by slightly
touching the tips of the probe on the surface of the sam-
ples. Multiple reading of current and the correspond-
ing voltage were recorded in order to get average values.
Atomic Force Microscopy (AFM) was performed with
Multi Mode SPM (Digital Instrument Nanoscope E) in
AFM mode to examine the microstructural evolution of
the samples. Transmission Electron Microscopy (TEM)
measurements were carried out on a Tecnai 202G micro-
scope with an accelerating voltage of 200 kV. All the
images were digitally recorded with a slow scan charge-
coupled device camera (image size 688 × 516 pixels), and
image processing was carried out using the digital micro-
graph software. The TEM data were used for the study
of grain size distribution and the crystalline character of
the prepared samples. These TEM micrographs were also
used to identify secondary phases present, if any, in the
Sn1−xMnxO2 matrix. Optical absorption and transmis-
sion measurements were performed at room temperature
within a wavelength range of 300-1100 nm using a Cary
5000 UV-Vis spectrophotometer having spectral resolu-
tion of 0.05 nm in the UV-Vis range. As a reference,
100% baseline signals were displayed before each mea-
surement. Magnetic measurements were carried out as a
function of temperature (5 to 300 K) and magnetic field
(0 to ±2 T) using a ‘EverCool 7 Tesla’ SQUID magne-
tometer. Measurements were carried out on small size
samples placed in a clear plastic drinking straw. The
data reported here were corrected for the background sig-
nal from the sample holder (clear plastic drinking straw)
independent of magnetic field and temperature.
III. RESULTS AND DISCUSSION
A. Structural properties
XRD patterns of Sn1−xMnxO2 (x = 0.000, 0.025,
0.050, 0.075, 0.100, 0.125 and 0.150) thin films are shown
in Fig. 1. It is evident that only the peaks correspond-
ing to the rutile-type cassiterite phase of SnO2 (space
group P42/mnm) are detected with x up to 0.150. No
additional reflection peaks related to impurities, such as
unreacted manganese metal, oxides or any other tin man-
ganese phases are detected. The lack of any impurity
phases indicates that the Mn ion is incorporated well
at the Sn lattice site. The lattice parameters (a and c)
and cell volume (a2c) were estimated using the (110),
(101) and (200) peaks of Sn1−xMnxO2 for different dop-
ing concentration (x) and their average values are plot-
ted in Fig. 2. The lattice parameters (a and c) and
cell volume (a2c) decrease with the increase in Mn dop-
ing concentration and reaches a minimum at doping level
of 12.5 at.% and for higher doping concentration (∼ 15
at.%) the same increases toward the value of pure SnO2.
An inflexion point is discernable between x = 0.050 and
0.075 (see Fig. 2), which could be attributed to the dif-
ference between the effective ionic radius of Mn4+ (0.53
A˚, coordination number CN = 6) and high-spin Mn3+
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FIG. 1. X-ray diffraction patterns of Sn1−xMnxO2 (x =
0.000, 0.025, 0.050, 0.075, 0.100, 0.125 and 0.150) thin films.
(0.645 A˚, CN = 6), while both are smaller than that of
Sn4+ (0.69 A˚, CN = 6) ions, i.e., Mn element acts as
Mn4+ upto x = 0.050 and as Mn3+ in the x = 0.075,
0.100 and 0.125 films. The slope ratio of the line between
x = 0.075 and 0.125 to that between x = 0 and 0.050 for
cell volume is 25%, which are comparable to the expected
value of (r4+Sn - r
3+
Mn)/(r
4+
Sn - r
4+
Mn) = 28%, indicating the
above interpretation is feasible. Above ∼ 12.5 at.%, the
observed lattice expansion indicates interstitial incorpo-
ration of Mn dopant ions. Interstitial incorporation of
Mn ions might cause significant changes and disorder in
the SnO2 structure as well as many dramatic changes
in the properties of the film, discussed in the following
sections.
It is clear from Fig. 3 that Mn substitution effects the
intensity of SnO2 peaks. The normalized intensity i.e.
I110(Sn1−xMnxO2)/I110(SnO2) decreases with doping,
attains a minimum for 12.5% doped sample, and after-
wards increases. The intensity of the scattered x-ray is
related to structure factor and this factor is determined
by the presence of bound electrons in an atom. Since
manganese has less bound electrons than tin, the substi-
tution of tin by manganese in the tin oxide lattice should
yield a structure factor, which is almost half the value for
tin. If there is any change in the occupation site of man-
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FIG. 2. Variation of the lattice volume as a function of Mn
concentration.
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FIG. 3. Changes in the (110) cassiterite peak intensity of
respective thin films.
ganese, i.e., substitutional (Mn3+Sn) to interstitial (Mni),
the same may be reflected as an increase in the structure
factor.
In order to evaluate the effect of Mn doping on the
average crystallite size and micro strain, the Williamson-
Hall method [56, 57] was utilized by the equation
β cos θ =
kλ
D
+ 4ε sin θ (1)
Where β is the integral breadth of the peak from the (hkl)
plane, k is a constant equal to 0.94, λ is the wavelength
of the radiation (1.5405 A˚ for CuKα radiation), and θ
is the peak position. The instrumental resolution in the
scattering angle 2θ, βinst, was determined by means of a
standard crystalline silicon sample and approximated by
4TABLE I. Lattice parameters, cell volume, texture coefficient C(hkl), the degree of preferential orientation σ, crystallite size
and micro-strain for all the thin films.
Lattice parameters Cell volume Texture coefficient C(hkl) Crystallite Non-Uniform
Samples a = b (A˚) c (A˚) (A˚
3
) (110) (101) (200) (211) σ Size (nm) Strain
SnO2 4.7375 3.1863 71.5130 0.976 0.959 1.081 0.985 0.048 39 0.935× 10−3
Sn0.975Mn0.025O2 4.7360 3.1836 71.4072 0.831 0.967 1.339 0.863 0.202 30 1.009× 10−3
Sn0.950Mn0.050O2 4.7340 3.1815 71.2998 0.902 0.964 1.337 0.798 0.203 26 1.304× 10−3
Sn0.925Mn0.075O2 4.7335 3.1805 71.2624 0.829 0.912 1.472 0.787 0.276 19 1.159× 10−3
Sn0.9Mn0.1O2 4.7333 3.1798 71.2406 0.786 0.873 1.271 1.069 0.187 17 0.859× 10−3
Sn0.875Mn0.125O2 4.7327 3.1792 71.2091 0.792 0.809 1.379 1.021 0.236 15 1.174× 10−3
Sn0.850Mn0.150O2 4.7344 3.1814 71.3096 0.762 0.870 1.462 0.906 0.272 17 1.627× 10−3
βinst = 9× 10−6 (2θ)2 - 0.0005 (2θ) + 0.0623
Finally, the integral breadth β without instrumental con-
tribution was obtained according to the relation:
β = βmeasured − βinstrumental (2)
Eq. 1 represents the general form of a straight line
y = mx + c. The plot between β cos θ and 4 sin θ gives
a straight line having slope ε and intercept kλ/D. The
values of crystallite size and micro-strain can be obtained
from the inverse of intercept and the slope of the straight
line, respectively. The Williamson-Hall plots for all the
thin films are given in Fig. 4 and the results extracted
from these plots are listed in Table I. The average particle
size D decreases from ∼ 39 nm in pure SnO2 to 26 nm in
the sample with x=0.050. For higher doping concentra-
tion up to x=0.125, the particle size decreases further to
∼ 15 nm. This indicates that Mn incorporation hinders
crystallite growth and the possible reason for this is the
creation of Mn monolayer (Sn atoms are replaced by Mn
atoms) on the surface of SnO2 crystallite, which provides
a barrier for surface diffussion and thus suppresses crys-
tal growth [58-62]. In two-component materials, some of
the constituents segregate to grain boundary, and lower
the total Gibbs free energy [63].
The preferential orientation of the crystallites in the
Sn1−xMnxO2 thin films was studied by calculating the
texture coefficient C(hkl) of each XRD peak using the
equation [64, 65]:
C(hkl) =
N(I(hkl)/Io(hkl))∑
(I(hkl)/Io(hkl))
(3)
where C(hkl) is the texture coefficient of the plane (hkl),
I(hkl) is the measured integral intensity, Io(hkl) is the
JCPDS standard integral intensity for the correspond-
ing powder diffraction peak (hkl), and N is the number
of reflections observed in the x-ray diffraction pattern.
C(hkl) is unity for each XRD peak in the case of a ran-
domly oriented film and values of C(hkl) greater than
0 . 9 1 . 0 1 . 1 1 . 2 1 . 3 1 . 4 1 . 5 1 . 6 1 . 7 1 . 80 . 0 0 4
0 . 0 0 5
0 . 0 0 6
0 . 0 0 7
0 . 0 0 8
0 . 0 0 9
0 . 0 1 0
0 . 0 1 1
0 . 0 1 2
x  =  0 . 1 2 5
x  =  0 . 1 5 0 x  =  0 . 1 0 0
x  =  0 . 0 7 5
x  =  0 . 0 5 0
x  =  0 . 0 2 5
 
4  s i n q
b co
sq
x  =  0 . 0 0 0
 
FIG. 4. Williamson-Hall plots of all the thin films.
unity indicate preferred orientation of the crystallites in
that particular direction. The degree of preferred ori-
entation σ of the film as a whole can be evaluated by
estimating the standard deviation of all the calculated
C(hkl) values [66]:
σ =
√∑
[C(hkl)− Co(hkl)]2
N
(4)
where Co(hkl) is the texture coefficient of the powder
sample which is always unity. The zero value of σ in-
dicates that the crystallites in the film are oriented ran-
domly. The higher value of σ indicates that the crys-
tallites in the film are oriented preferentially [66]. The
texture coefficient C(hkl) of all the XRD peaks along with
the value of σ for each Sn1−xMnxO2 film is given in Ta-
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FIG. 5. X-ray diffraction patterns of Sn1−xMnxO2 (x = 0.00,
0.01, 0.02, 0.03, 0.04 and 0.05) bulk samples.
ble I. It can be seen that the plane (200) has a high tex-
ture coefficient for all the films. The degree of preferred
orientation σ of the doped film is greater than that of
pure SnO2 film. However, it should be highlighted that
none of the films possess a significant preferential orien-
tation since the value of σ is less than unity for all the
films.
XRD patterns of Sn1−xMnxO2 (x = 0.00, 0.01, 0.02,
0.03, 0.04 and 0.05) bulk samples are shown in Fig. 5.
The analysis of x-ray diffraction patterns reveals that all
the bulk samples have a rutile-type cassiterite (tetrago-
nal) phase of SnO2, and the doping does not change the
tetragonal structure (JCPDS # 01-071-0652) of SnO2.
Furthermore, we could not find any diffraction peak cor-
responding to any impurity phase, such as unreacted Sn,
Mn or other oxide phases, within the limit of instrumen-
tal sensitivity. We have calculated the lattice parameters
using high angle XRD lines such as (301), (202) and (321)
shown in Fig. 5. The determination of lattice constants
of Mn doped SnO2 bulk samples shows that on increas-
ing the Mn concentration from 0 to 5 at.%, the unit cell
volume continuously reduces from its value for undoped
SnO2 samples as shown in Table II. The contraction of
the lattice on Mn incorporation is thus a convincing ev-
idence of the incorporation of Mn in SnO2 lattice. The
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FIG. 6. Variation of the lattice volume as a function of Mn
concentration.
effect of Mn doping on cell volume of bulk samples is
opposite to that of thin films (Fig. 6). The slope ratio
of the line between x = 0.00 and 0.03 to that between
x = 0.04 and 0.05 for lattice volume is 23%, which are
comparable to the expected value of (r4+Sn - r
3+
Mn)/(r
4+
Sn -
r4+Mn) = 28%, indicating Mn element acts as Mn
3+ upto
x = 0.003 and as Mn4+ in the x = 0.04 and 0.05 samples
at room temperature.
Crystallite size of strain free Sn1−xMnxO2 bulk sam-
ples was calculated from x-ray diffraction data using the
Debye-Scherrer formula:
Dhkl =
0.9λ
β cos θ
(5)
where λ is the x-ray wavelength (1.5405 A˚ for CuKα), θ is
the Bragg angle and β is the full width of the diffraction
line at half its maximum intensity (FWHM). The average
crystallite sizes of SnO2 doped with 0.0, 1.0, 2.0, 3.0, 4.0
and 5.0 at.% of Mn which are calculated from Eq. (5)
are 98, 93, 110, 107, 111 and 104 nm, respectively.
B. Microstructural properties
In order to explore the effect of Mn doping on the mi-
crostructural characteristics in Sn1−xMnxO2 thin films,
transmission electron microscopy was employed in imag-
ing and diffraction modes. The transmission electron
micrographs and the corresponding selected area elec-
tron diffraction (SAED) patterns for Sn1−xMnxO2 (x =
0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) thin films are
shown in Fig. 7. These TEM micrographs and SAED
patterns have been analyzed using the IMAGE-J soft-
ware. The TEM images of the Sn1−xMnxO2 (x = 0.000,
0.025, 0.050, 0.075, 0.100 and 0.125) films show the pres-
ence of interconnected nono-sized spheroidal grains. The
6TABLE II. Lattice parameters, cell volume and crystallite size for all the bulk samples.
Lattice parameters Cell volume Crystallite
Samples a = b (A˚) c (A˚) (A˚
3
) Size (nm)
SnO2 4.7377 3.1888 71.5752 98
Sn0.99Mn0.01O2 4.7374 3.1884 71.5571 93
Sn0.98Mn0.02O2 4.7366 3.1889 71.5442 110
Sn0.97Mn0.03O2 4.7357 3.1895 71.5289 107
Sn0.96Mn0.04O2 4.7351 3.1872 71.4608 111
Sn0.95Mn0.05O2 4.7301 3.1911 71.3960 104
crystallite size observed by TEM (∼ 38 nm, 30 nm, 25
nm, 19 nm, 18 nm and 16 nm for x = 0.000, 0.025, 0.050,
0.075, 0.100 and 0.125, respectively) is in good agree-
ment with that estimated by W-H plots (∼ 39 nm, 30
nm, 26 nm, 19 nm, 17 nm and 15 nm for x = 0.000,
0.025, 0.050, 0.075, 0.100 and 0.125, respectively). The
SAED patterns shown in Figs. 7(b), (d), (f), (h), (j) and
(l) taken from Sn1−xMnxO2 (x = 0.000, 0.025, 0.050,
0.075, 0.100 and 0.125) films show several sharp rings,
which are indexed to the (110), (101), (211) and (301)
planes of the rutile crystalline structure of SnO2. The
electron diffraction pattern has been examined carefully
for rings and spots of secondary phases, and it has been
found that all the rings and spots belong to the tetrago-
nal rutile structure of SnO2 only. We have observed that
there is no formation of any structural core-shell system.
AFM in tapping mode has been used to investigate the
surface features of two bulk samples of different compo-
sition. The AFM images of SnO2 and Sn0.95Mn0.05O2
bulk samples are shown in Fig. 8. The size that is es-
timated from the few spherical grains is about 102 nm
and 128 nm for x = 0.000 and 0.05, respectively. This
is slightly larger than that obtained from XRD measure-
ments.
C. Electrical properties
Transport properties (resistivity, carrier density, and
mobility) of pure and Mn-doped SnO2 films were mea-
sured by Hall effect measurements using van der Pauw ge-
ometry. The room temperature results are presented for
all measured films in Table III. The as-deposited SnO2
films show the best combination of electrical properties
as follows: resistivity (ρ) of 1.90 × 10−3 Ω cm, carrier
concentration (n) of 2.704 × 1020 cm−3, and mobility (µ)
of 12.165 cm2V −1s−1. It has long been thought that na-
tive defects such as oxygen vacancy VO and tin interstitial
Sni are responsible for the observed n-type conductivity
[67]. First principle calculations have provided evidence
that usual suspects such as oxygen vacancy VO and tin
interstitial Sni are actually not responsible for n-type
conductivity in majority of the cases [68-71]. These cal-
culations indicate that the oxygen vacancies are a deep
donor, whereas tin interstitials are too mobile to be sta-
ble at room temperature [68, 70]. Recent first principle
calculations have drawn attention on the role of donor
impurities in unintentional n-type conductivity [68-75].
Hydrogen is indeed a especially ambidextrous impurity
in this respect, since it is extremely difficult to detect
experimentally [68-71]. By means of density functional
calculations it has been shown that hydrogen can substi-
tute on an oxygen site and has a low formation energy
and act as a shallow donor [68-71]. Hydrogen is by no
means the only possible shallow donor impurity in tin
oxide, but it is a very likely candidate for an impurity
that can be unintentionally incorporated and can explain
observed unintentional n-type conductivity [71]. Several
groups have reported on the incorporation of hydrogen
in tin oxide and many have claimed that hydrogen sub-
stitutes for oxygen [68-70, 76-90].
The effect of Mn doping on the carrier concentration
(n), resistivity (ρ) and Hall mobility (µ) of the SnO2
films are shown in Table III. For the dopant concentra-
tion of 12.5 at.% of Mn in SnO2 the sheet resistance and
resistivity is found maximum with the values of 1.73 ×
102 Ω/sq. and 1.37 × 10−2 Ω cm, respectively. It is ap-
parent from the Table III that the carrier concentration
and the mobility of the films show a consistent decrease
with increase in Mn doping concentration (up to 12.5
at%). Regarding electrical resistivity; although the un-
doped films show minimum resistivity, the resistivity of
the doped film is still not too high compared to the re-
ported values. The increase of the resistivity was mainly
due to the decrease of the mobility. Beyond 5 at.% of
Mn doping, another reason for increasing resistivity is
attributed to the fact that Mn3+ ions are substituted
into Sn4+ sites and act as an acceptor in SnO2 lattice.
This trend is accompanied by decrease of carrier concen-
tration because of the presence of carrier traps.
The temperature dependence of electrical resistivity in
the range 30-200oC indicates that the pure and Mn doped
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FIG. 7. Transmission electron micrographs [(a), (c), (e), (g), (i) and (k)] of the Sn1−xMnxO2 (x = 0.000, 0.025, 0.050, 0.075,
0.100 and 0.125) thin films, respectively. Corresponding selected area electron diffraction (SAED) patterns for the Sn1−xMnxO2
(x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) thin films are shown in (b), (d), (f), (h), (j) and (l), respectively. Transmission
electron micrographs of both thin films showing several nanocubes or nanospheres.
 
 
 
 
 
  
(a) (b) 
FIG. 8. Atomic force microscopy images of (a) SnO2 and (b) Sn0.95Mn0.05O2 pellet surfaces.
8TABLE III. Electrical parameters for all the thin films.
Film Sheet Carrier Degeneracy Carrier mobility
thickness resistance Resistivity concentration temperature µ (cm2V −1s−1)
Samples (nm) Rs (Ω/) ρ (Ω cm) n (cm−3) TD (K) Observed Calculated
SnO2 730 26 1.90×10−3 2.704× 1020 5723 12.165 10.394
Sn0.975Mn0.025O2 740 33 2.44×10−3 2.251× 1020 5065 11.379 -
Sn0.950Mn0.050O2 710 42 2.98×10−3 2.135× 1020 4889 9.823 -
Sn0.925Mn0.075O2 750 85 6.38×10−3 1.353× 1020 3607 7.240 -
Sn0.900Mn0.100O2 805 126 1.01×10−2 1.149× 1020 3235 5.386 -
Sn0.875Mn0.125O2 790 173 1.37×10−2 1.225× 1020 3376 3.724 -
Sn0.850Mn0.150O2 776 182 1.41×10−2 1.032× 1020 3011 4.295 -
SnO2 films are degenerate semiconductors. The film de-
generacy was further confirmed by evaluating degeneracy
temperature of the electron gas TD by the expression [91,
92]:
kBTD ' ( ~
2
2m∗
)(3pi2n)
2
3 = EF , (6)
where m∗ is the reduce effective mass and n is the elec-
tron concentration. The degeneracy temperature of all
investigated films is clearly listed in Table III. It can be
seen that TD of Sn1−xMnxO2 (x = 0.000, 0.025, 0.050,
0.075, 0.100, 0.125 and 0.150) thin films are well above
room temperature.
We have tried to identify the main scattering mech-
anisms that influence the mobility of pure SnO2 films.
There are many scattering mechanisms such as grain-
boundary scattering, surface scattering, interface scat-
tering, domain scattering, phonon scattering (lattice vi-
bration), neutral, and ionized impurity scattering which
may influence the mobility of the films [93, 94]. The in-
teraction between the scattering centres and the carriers
determines the actual value of the mobility of the carri-
ers in the thin films. In the interpretation of the mobility
obtained for pure SnO2 films, one has to deal with the
problem of mixed scattering of carriers. To solve this
problem, one has to identify the main scattering mecha-
nism and then determine their contributions. The pure
SnO2 films prepared here are polycrystalline. They are
composed of grains joined together by grain boundaries,
which are transitional regions between different orienta-
tions of neighboring grains. These boundaries between
grains play a significant role in the scattering of charge
carriers in polycrystalline thin films. The grain boundary
scattering has an effect on the total mobility only if the
grain size is approximately of the same order as the mean
free path of the charge carriers (D ∼ λ). The mean free
path for the degenerate thin films can be calculated from
known mobility (µ) and carrier concentration (n) using
the following expression [92, 94]:
λ = (3pi2)
1
3 (
~µ
e
)n
1
3 , (7)
The mean free path value calculated for the pure SnO2
film is 1.604 nm which is considerable shorter than crys-
tallite size (D ∼ 38 nm) estimated using TEM micro-
graph. Moreover, the effect of crystallite interfaces is
weaker in semiconductors, with n ≥ 1020 cm−3, observed
here, as a consequence of the narrower depletion layer
width at the interface between two grains [95]. Based
on above discussion it is concluded that grain boundary
scattering is not a dominant mechanism.
The mobility of the free carrier is not affected by sur-
face scattering unless the mean free path is comparable
to the film thickness [96]. Mean free path value calcu-
lated for the pure SnO2 film is 1.604 nm, which is much
smaller than the film thickness (∼ 730 nm). Hence, sur-
face scattering can be ruled out as the primary mecha-
nism. Scattering by acoustical phonons [97] apparently
plays a subordinate role in the pure SnO2 films because
no remarkable temperature dependence have been ob-
served between 30 and 200oC. Moreover, neutral impu-
rity scattering can be neglected because the neutral de-
fect concentration is negligible in the pure SnO2 films
[92, 94]. Electron-electron scattering, as suggested to be
important in Ref. 94, can also be neglected as it does
not change the total electron momentum and thus not
the mobility. In high crystalline SnO2 films, scattering
by dislocations and precipitation is expected to be of lit-
tle importance [98].
Another scattering mechanism popular in unintention-
ally doped semiconductors is the ionized impurity scat-
tering. According to the Brooks-Herring formula [99],
the relaxation time for coupling to ionized impurities is
in the degenerate case, given by
τi =
(2m∗)
1
2 (or)
2(EF )
3
2
pie4Nif(x)
, (8)
9with Ni the carrier concentration of ionized impurities
and f(x) given by
f(x) = ln(1 + x)− x
1 + x
, (9)
with
x =
8m∗EFR2S
~2
, (10)
The screening radius RS is given by
RS = (
~
2e
)(
or
m∗
)
1
2 (
pi
3Ni
)
1
6 , (11)
where r is the relative dielectric permittivity and m
∗ is
the effective mass of the carriers. The mobility (µ) is
defined as
µ =
eτ
m∗
, (12)
Substitution of the τi expression [Eq. (8)] in Eq. (12)
yields the expression for mobility due to ionized impuri-
ties as
µi =
( 2m∗ )
1
2 (or)
2(EF )
3
2
pie3Nif(x)
, (13)
Since all the H+O defects present in the pure SnO2 films
will be fully ionized at room temperature, impurity ion
concentration will be equal to the free carrier concentra-
tion. Thus taking Ni = n, m
∗ = 0.31m, r = 13.5 [100]
and using Eq. (6) in Eq. (13) we get simplified form as
µi =
2.4232× 10−4
f(x)
, (14)
with
x = 1.7942× 10−9n 13 , (15)
The calculated mobility and measured mobility values for
pure SnO2 thin films are 10.394 and 12.165 cm
2V −1s−1,
respectively, both are comparable to each other. This
clearly indicates that the main scattering mechanism re-
ducing the intra-grain mobility of the electrons in pure
SnO2 films is the ionized impurity scattering. Ionized
impurity scattering with singly ionized H+O donors best
describes the mobility of pure SnO2 thin films. This find-
ing supports our assumption that H+O defect is source of
conductivity in pure SnO2 film.
D. Optical properties
The variation of the optical absorption coefficient (α)
with photon energy hν was obtained using the ab-
sorbance data for various films. The absorption coeffi-
cient α may be written in terms of optical band gap Eg
and incident photon energy hν as follows [101]:
α =
[A(hν − Eg)n]
hν
(16)
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FIG. 9. (αhν)2 vs hν plots for the Sn1−xMnxO2 (x = 0.000,
0.050, 0.075 and 0.125) thin films. The direct energy band
gap Eg is obtained from the extrapolation to α = 0.
where A is a constant which is different for different tran-
sitions indicated by different values of superscript n, and
Eg is the corresponding band gap. For direct transitions
n = 1/2 or n = 2/3, while for indirect ones n = 2 or
3, depending on whether they are allowed or forbidden,
respectively. The band gap can be deduced from a plot
of (αhν)2 versus photon energy (hν). Better linearity
of these plots suggests that the films have direct band
transition. The extrapolation of the linear portion of the
(αhν)2 vs. hν plot to α = 0 will give the band gap value
of the films [102]. Fig. 9 shows such plots for all the thin
films and the linear fits obtained for these plots are also
depicted in the same figure.
With increasing Mn concentrations, the optical
bandgap of the compounds shows a redshift compared
to the host oxide SnO2. We obtained the band gap to
be 3.70 eV for pure SnO2 and it starts decreasing for 5
at%, 7.5 at% and 12.5 at% of Mn doped SnO2 films as
3.66 eV, 3.60 eV and 3.55 eV, respectively. The decrease
in bandgap for increasing Mn content is attributed to the
strong exchange interactions between sp carriers of host
SnO2 and localized d electrons of Mn dopant [103].
The optical transmittance spectra of uncoated glass
substrate and Mn-SnO2 ([Mn]/[Sn] = 0.0, 5.0, 7.5, 12.5
at.%) thin films as a function of wavelength ranging from
300 to 1100 nm is shown in Fig. 10. The transmit-
tance exhibits interference in the visible range. Nor-
mally, fringes appear in the transmittance spectra due
to the interference of the light, reflected between air-
film and film-substrate interfaces. But, if the thickness is
not uniform or slightly tapered then interference fringes
may disappear from the transmission curve. The aver-
age transmittance of the Mn-doped SnO2 films ranges
from 50% to 65%. The thickness of as deposited films is
approximately 700 nm, which is higher compared to the
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FIG. 10. Comparison of transmittance spectra obtained from
the different thin films.
reported film thickness; this higher thickness affects the
optical transmission. In the visible region, the average
transmittance for the pure SnO2 film is of ∼ 60%, which
is decreased upto ∼ 48% on addition of 12.5 at.% of Mn.
This relatively large absorption in Sn1−xMnxO2 (x =
0.075, 0.125) films may be the result of mixed valence
of Mn (Mn4+/Mn3+). The presence of the Mn3+ and
Mn4+ produces colour centres due to unpaired electrons
in the d orbital that causes intense and deep coloration.
Furthermore, the sharp decrease in transmittance at the
shorter wavelength is as a result of the inter-band tran-
sition.
The thickness of Sn1−xMnxO2 films can be calculated
from transmittance data using the method proposed by
Swanepoel [104]. The applicability of this method is lim-
ited to thin films deposited on transparent substrates
much thicker than the thin film, conditions met in this
study. The application of this method entails, as a first
step, the calculation of the maximum TM (λ) and mini-
mum Tm(λ) transmittance envelope curves by parabolic
interpolation to the experimentally determined positions
of peaks and valleys.
From TM (λ) and Tm(λ), the refractive index of the
film n(λ) in the spectral domain of the medium and
strong transmission can then be calculated by the
expression [104]:
n(λ) = [( 2s(TM (λ)−Tm(λ))TM (λ)Tm(λ) +
s2+1
2 )
+
√
(
2s(TM (λ)− Tm(λ))
TM (λ)Tm(λ)
+
s2 + 1
2
)2 − s2]1/2 (17)
with s being the refractive index of the substrate. In
general, s is evaluated from the transmittance spectrum
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FIG. 11. Typical transmittance spectra for two thin films
SnO2 and Sn0.925Mn0.075O2. Curves TM and Tm, according
to the text.
of the bare substrate by the expression:
s =
1
Ts
+
√
1
T 2s
− 1 (18)
where Ts is the substrate transmittance, which is almost
a constant in the transparent zone (λ > 400 nm). The
values of the refractive index n(λ) in the λ = 350-1000
nm range, as calculated from Eq. (17) are shown in Table
IV.
If n(λ1) and n(λ2) are the refractive indices calculated
from two consecutive maxima or minima corresponds to
two wavelengths of λ1 and λ2, then the thickness of the
film d can be obtained from [104]:
d =
λ1 × λ2
2[λ1n(λ2)− λ2n(λ1)] (19)
The values of thickness d of the studied films determined
by this equation are listed as dpre in Table IV.
Practically, there will be errors in the determination of
extreme positions and the corresponding values of TM (λ)
and Tm(λ). Therefore, the preliminary values of the
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TABLE IV. Values of λ, TM and Tm for Sn1−xMnxO2 (x = 0.000, 0.050, 0.075, 0.125) thin films corresponding to transmission
spectra. The calculated values of refractive index and film thickness are based on the envelope method.
SnO2 Sn0.950Mn0.050O2
λ TM Tm Ts s n dpre mest mexact daccu λ TM Tm Ts s n dpre mest mexact daccu
(nm) (nm) (nm) (nm) (nm) (nm)
481 0.578 0.554 0.697 2.094 2.272 - 6.859 7.0 741 478 0.568 0.541 0.700 2.083 2.290 - 6.688 7.0 731
506 0.600 0.569 0.707 2.058 2.272 793 6.520 6.5 724 509 0.580 0.546 0.702 2.076 2.325 862 6.377 6.5 712
561 0.626 0.584 0.715 2.030 2.296 743 5.943 6.0 733 560 0.600 0.554 0.711 2.044 2.358 792 5.878 6.0 712
603 0.647 0.596 0.724 1.999 2.302 714 5.543 5.5 720 600 0.619 0.564 0.721 2.009 2.362 607 5.496 5.5 699
683 0.665 0.612 0.718 2.019 2.317 681 4.926 5.0 737 694 0.662 0.602 0.720 2.012 2.351 573 4.729 5.0 738
757 0.678 0.621 0.716 2.026 2.334 742 4.477 4.5 730 753 0.682 0.627 0.720 2.012 2.307 680 4.277 4.5 734
861 0.682 0.625 0.713 2.037 2.341 683 3.948 4.0 736 866 0.705 0.652 0.715 2.030 2.297 676 3.703 4.0 754
994 0.683 0.622 0.720 2.012 2.337 - 3.414 3.5 744 978 0.708 0.656 0.720 2.012 2.273 - 3.244 3.5 753
dpre(avg) = 726 nm, daccu(avg) = 733 nm, d(exp) = 730 nm d1(avg) = 698 nm, d2(avg) = 729 nm, d(exp) = 710 nm
Sn0.925Mn0.075O2 Sn0.875Mn0.125O2
λ TM Tm Ts s n dpre mest mexact daccu λ TM Tm Ts s n dpre mest mexact daccu
(nm) (nm) (nm) (nm) (nm) (nm)
510 0.472 0.454 0.702 2.076 2.275 - 6.620 6.5 729 569 0.487 0.480 0.715 2.030 2.106 - 6.048 6.0 811
566 0.502 0.470 0.716 2.026 2.335 780 6.122 6.0 727 581 0.492 0.484 0.715 2.030 2.115 849 5.948 5.5 755
604 0.518 0.485 0.722 2.006 2.307 755 5.668 5.5 720 695 0.520 0.505 0.717 2.023 2.163 654 5.085 5.0 803
689 0.540 0.495 0.720 2.012 2.386 707 5.139 5.0 722 752 0.534 0.517 0.720 2.012 2.163 981 4.700 4.5 782
760 0.551 0.507 0.720 2.012 2.365 749 4.618 4.5 723 870 0.548 0.520 0.714 2.033 2.264 782 4.252 4.0 769
867 0.562 0.510 0.716 2.026 2.424 721 4.149 4.0 715 1007 0.547 0.518 0.720 2.012 2.253 - 3.656 3.5 782
993 0.567 0.516 0.719 2.016 2.401 - 3.588 3.5 724
dpre(avg) = 742 nm, daccu(avg) = 723 nm, d(exp) = 750 nm dpre(avg) = 817 nm, daccu(avg) = 784 nm, d(exp) = 790 nm
film thickness obtained from Eq. (19), to be denoted
respectively by dpre, are inaccurate. The more accu-
rate film thickness can be obtained by further perform-
ing the following steps. Firstly, take the average value
of dpre obtained from each two adjacent maxima or min-
ima. Secondly, use the basic equation for the interference
fringes 2nd = mλ to determine the estimated order num-
ber (mest) for each maxima or minima from the average
value of dpre along with n(λ) and round off each result-
ing mest to the closest half integer for minima or integer
for maxima. These round values will be considered as
the exact order number mexact corresponding to each ex-
treme. Finally, use mexact and n(λ) again to calculate
the accurate thickness daccurate for each extreme. The
average value of daccurate will be taken as the final thick-
ness of the film. The values of daccurate found in this way
have a smaller dispersion (σpre > σaccurate).
E. Magnetic properties
Measurements of the sample magnetization as a func-
tion of temperature [M(T)] and magnetic field [M(H)]
have been carried out over a temperature range of 5-300
K and field range of 0 to ± 2 T using a SQUID magne-
tometer. Figs. 12 and 13 show the magnetization ver-
sus applied magnetic field (M-H) curves measured at 5
and 300 K for the Sn0.975Mn0.025O2, Sn0.950Mn0.050O2,
12
 
FIG. 12. Field-dependent magnetization of the Sn1−xMnxO2
(x = 0.025, 0.050, 0.075 and 0.125) thin films measured at 5K.
The inset shows the low-field part in an enlarged scale that
evidences the presence of a hysteresis in Sn0.950Mn0.050O2
sample.
Sn0.925Mn0.075O2 and Sn0.875Mn0.125O2 films with n =
2.251× 1020, 2.135× 1020, 1.353× 1020 and 1.225× 1020
electrons cm−3 respectively. The magnetic field was
applied parallel to the film plane. The inset of Figs.
12 and 13 shows a zoom of the region of low mag-
netic fields that evidences the presence of a hystere-
sis. The saturation magnetization (MS) is estimated
to be 28.076 × 10−2, 25.374 × 10−2, 14.625 × 10−2
and 11.388 × 10−2 emu/g at 5 K and 22.694 × 10−2,
19.687 × 10−2, 8.878 × 10−2 and 5.743 × 10−2 emu/g
at 300 K for the Sn0.975Mn0.025O2, Sn0.950Mn0.050O2,
Sn0.925Mn0.075O2 and Sn0.875Mn0.125O2 films by the M-
H curves, respectively. The thin films with higher carrier
concentration (Sn0.975Mn0.025O2) show ferromagnetic
characteristics with higher saturation magnetization.
Since SnO2 is an intrinsic n-type semiconductor and Mn
acts as Mn3+ in Sn1−xMnxO2 with x = 0.075, 0.100
and 0.125, according to our analysis on the lattice pa-
rameters and Hall measurement data, holes would be in-
troduced by the Mn3+ replacing Sn4+, which would an-
nihilate part of the intrinsic n-type carriers and decrease
the density of carriers. Differently, for the thin films with
x = 0.025 and 0.050, Mn acts as Mn4+, thus no n-type
carriers were annihilated by the isovalent ion substitu-
tion in principle. Therefore, as the doped Mn content
increases (from 5% to 7.5%), the carrier density and ac-
cordingly the carrier mediated ferromagnetic Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction decrease. Ac-
cording to RKKY theory, the observed magnetic prop-
erties are due to the exchange interaction between local
spin-polarized electrons (such as the localized inner d-
shell electrons of Mn3+ and Mn4+ ions) and conduction
electrons. The conduction electrons are regarded as a me-
 
FIG. 13. Field-dependent magnetization of the Sn1−xMnxO2
(x = 0.025, 0.050, 0.075 and 0.125) thin films measured
at 300K. The inset shows the low-field part in an en-
larged scale that evidences the presence of a hysteresis in
Sn0.950Mn0.050O2 sample.
 
FIG. 14. Normalized MS(T ) plot with H = 5000 Oe for
Sn0.950Mn0.050O2 thin film. The inset shows the 5K field-
dependent magnetization of Sn0.850Mn0.150O2 thin film.
dia to interact among the Mn3+/Mn4+ ions. A magnetic
Mn ion induces a spin polarization in the conduction elec-
trons in its neighborhood. This spin polarization in the
itinerant electrons is felt by the moments of other mag-
netic Mn ions within the range leading to an indirect cou-
pling. The saturation magnetization thus seems to have
a close connection with the carrier concentration and the
oxidation state of the dopant. However, we do not rule
out the possibility of any other mechanism as a cause of
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FIG. 15. Field-dependent magnetization of the
Sn0.97Mn0.03O2 bulk sample measured at 5K.
the observed RTFM in the Sn1−xMnxO2 system. An-
other plausible mechanism, which has been proposed by
Park et. al. [105] to explain the ferromagnetism in DMS
is an H+o defect mediated ferromagnetic spin-spin inter-
action. The H+o -mediated spin-spin interaction between
the magnetic Mn ions is a short-range nearest-neighbor
interaction that occurs through direct bonding of hydro-
gen to two neighboring magnetic Mn ions. Hydrogen
in the Mn-H+o -Mn complex is much more stable when
the neighboring Mn3+/Mn4+ spins are parallel rather
than antiparallel, thus, giving room-temperature ferro-
magnetism in Sn1−xMnxO2 system.
For the Sn0.975Mn0.025O2 film, the M-H curve at 5 K
differed by less than 19% from those measured at room
temperature (300 K), from which we guess that the Curie
temperature (TC) of Sn0.975Mn0.025O2 sample is well
above room temperature. But for the Sn0.950Mn0.050O2,
Sn0.925Mn0.075O2 and Sn0.875Mn0.125O2 films, the M-
H curves at 5 K differed by 22%, 39% and 50% from
those measured at room temperature, respectively. This
clearly indicates that the Curie temperatures of films are
decreasing on increasing Mn doping. We also recorded
the M vs T curves of these samples in a field of 0.5 T.
Fig. 14 displays the M vs T plot for Sn0.950Mn0.050O2
thin film. The absence of any sharp drop in the M vs
T curve of Sn0.950Mn0.050O2 thin film suggests that the
film is ferromagnetic with a Curie temperature exceed-
ing 350 K. For Mn concentration exceeding 12.5 at.%,
the films exhibited diamagnetic behavior. The absence
of ferromagnetism for x = 0.150 is due to the possibility
that now less Mn ions are incorporated in the SnO2 lat-
tice, as evidenced from the Hall and structural measure-
ments, thus causing the ferromagnetism to dissappear.
Magnetic measurements carried out on the pure SnO2
films showed the expected diamagnetism with a negative
magnetic susceptibility. The diamagnetic background of
the pure SnO2 film and substrate has been subtracted
from all of the magnetization data shown here. Here,
it is worthwhile mentioning that our magnetic measure-
ments carried out on the bulk Sn1−xMnxO2 showed the
expected diamagnetism with a negative magnetic suscep-
tibility (see Fig. 15). The defects and free-carrier den-
sity are the important factors for ferromagnetism in Mn
doped SnO2. In the present case, ferromagnetism in bulk
samples has not been observed because of the large for-
mation energy of defects in bulk.
The presence of room temperature ferromagnetism in
Sn1−xMnxO2 (x = 0.000 to 0.125) films cannot be due
to the existence of secondary phases. Because the metal-
lic manganese and almost all of the possible manganese-
based binary and ternary oxide phases (MnO, MnO2
and Mn2O3) are antiferromagnetic with Neel temper-
ature that is much less than 300 K. However, SnMn2O4
and Mn3O4 phases are exceptions; they are ferromag-
netic with Curie temperatures of 46 K and 53 K, respec-
tively [106-108]. In the present work, the electron and x-
ray diffraction analyses have not revealed any manganese
oxide phases, although x-ray diffraction technique is not
sensitive enough to detect secondary phases, if present
at a very minute level. Even if these ferromagnetic
SnMn2O4 and Mn3O4 phases are present, these can-
not responsible for the ferromagnetic behavior appeared
at room temperature in Sn1−xMnxO2 thin films.
IV. CONCLUSIONS
Highly conducting Mn-doped tin oxide thin films were
successfully deposited by spray pyrolysis technique on
glass substrates at 450oC. The analysis of X-ray diffrac-
tion patterns reveals that all Mn-doped tin oxide thin
films are pure crystalline with tetragonal rutile phase of
tin oxide which belongs to the space group P42/mnm
(number 136). The Williamson-Hall (W-H) method has
been used to evaluate the crystallite size and the micros-
train of all the thin films. The average crystallite size
of Sn1−xMnxO2 (x = 0.000, 0.025, 0.050, 0.075, 0.100
and 0.125) nanoparticles estimated from W-H analysis
and TEM analysis is highly inter-correlated. Typical
TEM micrographs of Sn1−xMnxO2 (x = 0.000, 0.025,
0.050, 0.075, 0.100 and 0.125) thin films show well iso-
lated spherical shaped crystallites. Electron diffraction
patterns taken from several crystallites confirm the SnO2
structure in Sn1−xMnxO2 (x = 0.000, 0.025, 0.050,
0.075, 0.100 and 0.125) thin films and no evidence for
secondary phases are observed. Electrical measurement
shows that Mn-doped tin oxide thin films are in con-
ducting state. The results of electrical measurements
suggest that H+O defects in Mn-doped SnO2 thin films
are responsible for the conductivity. Through electri-
cal investigation it has also been found that the main
scattering mechanism reducing the intra-grain mobility
of the electrons in as-deposited SnO2 thin films is the
14
ionized impurity scattering. Ionized impurity scattering
with singly ionized H+O donor best describes the mobility
of as-deposited SnO2 thin films. The optical band gap
(Eg) of the Mn-doped tin oxide thin films has been de-
termined from the spectral dependence of the absorption
coefficient α by the application of conventional extrapo-
lation method (Tauc plot). With increasing Mn concen-
trations, the optical bandgap of the compounds shows a
redshift compared to the host oxide SnO2. The decrease
in bandgap for increasing Mn content is attributed to the
strong exchange interactions between sp carriers of host
SnO2 and localized d electrons of Mn dopant. The av-
erage transmittance of the Mn-doped SnO2 films ranges
from 50% to 65% (substrate transmittance ∼ 71%). The
magnetization as a function of magnetic field showed hys-
teretic behavior at room temperature. According to the
temperature dependence of the magnetization, the Curie
temperature is higher than 350 K. Ferromagnetic thin
films of Mn-doped SnO2 exhibited low electrical resis-
tivity and high optical transmittance in the visible re-
gion. No evidence of any impurity phases are detected in
Sn1−xMnxO2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and
0.125) films suggesting that the emerging ferromagnetism
in this system is most likely related to the properties of
host SnO2 system.
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